While juvenile cannibalism plays an important role in the evolution of organisms in natural populations, it is a serious problem in aquaculture. A number of genetic and environmental factors result in different rates of cannibalism. Whether there is kin recognition in juvenile cannibalism in fish is poorly understood. We studied cannibalism and kinship recognition in juveniles of Asian seabass using molecular parentage analysis with polymorphic microsatellites. In the three mass crosses, under an ordinary feeding scheme without size grading, the rate of juvenile loss due to cannibalism was 1.08% per day. In the group without feeding for 24 h, 2.30% ± 0.43% of offspring per day were lost within 24 h due to cannibalism. We detected that juveniles avoided cannibalizing their siblings when they were not hungry, whereas cannibalism among siblings increased when they were hungry. These data suggest that there is kin discrimination in fish cannibalism. Raising genetically closely related offspring in the same tanks and appropriate levels of feeding may reduce the rate of cannibalism. We hypothesized that the chemical cues for kin discrimination might be secreted by fish skins. To test this hypothesis, we analyzed gene expression profiles in the skins of juveniles under slightly and very hungry conditions using RNA sequencing and bioinformatics analysis. Genes differently expressed under slightly and very hungry conditions were identified. Among them, genes from the trypsin family were significantly downregulated under starved conditions, suggesting that they may play a role in kin discrimination.
Introduction
Asian seabass (Lates calcarifer) is an important marine food fish species and has been cultured for over 30 years in Southeast Asia (Jerry, 2013; Yue, Li, Chao, Chou, & Orban, 2002) and recently in Australia (Domingos, Smith-Keune, & Jerry, 2014; Domingos et al., 2013; Qin, Mittiga, & Ottolenghi, 2004) . Its annual production was over 60,000 tons in 2012 according to the FAO statistics (FAO, 2014) . Selective breeding for some traits (e.g. growth and disease resistance) has been started in Singapore (Wang et al., 2008; Yue et al., 2002; Yue et al., 2009) and Australia Loughnan, Smith-Keune, Jerry, Beheregaray, & Robinson, 2016) . A large number of DNA markers (Wang et al., 2011; Wang, Wan, Lim, & Yue, 2016; Wang et al., 2015; Zhu et al., 2010 ) and a molecular parentage method (Wang et al., 2008) have been developed, and used in analyzing genetic diversity (Yue et al., 2009) , estimating heritabilities and parent contribution to offspring (Wang et al., 2008) , mapping QTL (Liu, Wang, Wong, & Yue, 2016a; Liu et al., 2016b; Wang et al., 2011) and other genetic studies (Wang et al., 2016) . All these efforts have contributed to the understanding of the biology and the genetic improvement of Asian seabass. However, in Asian seabass hatcheries, cannibalism causes severe loss of juveniles during the early stages of development (from 21 to 75 days post hatch (dph)) (Parazo & Avila, 1991; Qin et al., 2004) . Most hatcheries use size grading to reduce the rate of cannibalism, which is very effective, but labor-intensive. Novel and simple approaches to minimize the rate of cannibalism are still limited in Asian seabass.
Cannibalism refers to the action of attacking and consuming a member of one's own species (Hecht & Pienaar, 1993) . In aquaculture, intracohort cannibalism causes a serious problem in larval culture (Hecht & Pienaar, 1993) . A number of genetic and environmental factors may influence the cannibalism. It is now clear that fish size and size variation (Kailasam, Thirunavukkarasu, Abraham, Chandra, & Subburaj, 2011; Xi, Zhang, Lü, & Zhang, 2016) , feeding (Fibeiro & Qin, 2015; Kailasam et al., 2011) , shelter (Moksnes, Pihl, & Van Montfrans, 1998) , culture density (Sukumaran et al., 2011) and light intensity (Arockiaraj & Appelbaum, 2011; Qin et al., 2004) affect the rate of cannibalism. Genetic factors that cause cannibalism range from inherent differences in growth rates to a genetic predisposition for cannibalistic behavior (Baras et al., 2000; Hecht & Pienaar, 1993) . Individuals expressing a cannibalistic phenotype exhibit a greater probability of cannibalistic behaviors (Baras & Jobling, 2002) . A number of methods have been suggested to reduce the rate of cannibalism in hatcheries. These include supplying shelter (Moksnes et al., 1998) , reducing light density (Qin et al., 2004) , decreasing culture density (Sukumaran et al., 2011) , feeding enough , and size grading . However, most methods are complicated and labor-intensive. Further studies on environmental and genetic factors influencing the rate of cannibalism may bring new methods and ideas in mitigating cannibalism. Although kin recognition has been studied in fishes (Pfennig, 1997; Smith & Reay, 1991) and there is evidence that kin selection plays a role in egg-cannibalism in fish (DeWoody, Fletcher, Wilkins, & Avise, 2001), whether kin recognition plays a role in fish cannibalism remains largely unknown.
The major purpose of this study was to examine whether kin recognition played a role in the rate of cannibalism in Asian seabass using molecular parentage to extend our knowledge about genetic factors affecting the rate of cannibalism. We found that juveniles avoided cannibalizing their siblings when they were not hungry, whereas cannibalism among siblings increased when they were hungry, suggesting that there is kin discrimination in fish cannibalism. We also tried to find the genes involved in kin recognition in cannibalism by sequencing RNA isolated from skins of juveniles at the age of 36 days post hatch (dph) using Hiseq 2000. RNA sequencing revealed that genes from the trypsin family were differentially expressed in skins of fish under normal and hungry conditions, suggesting that they play a role in kin discrimination in Asian seabass.
Materials and methods

Fish, sampling and DNA extraction
To study cannibalism in a hatchery of Asian seabass, three batches of offspring from natural spawning of three mass crosses in a breeding program were used. In each of mass crosses 1 (MC1) and 2 (MC2), 10 male breeding fish and 10 female breeding fish were used to produce progeny. In mass cross 3 (MC3), 15 male brooders and 15 female brooders were crossed to produce offspring. From each mass cross, 60,000 fertilized eggs collected on the same day were cultured in a tank (volume: 1 ton) following the standard culture protocol set by Marine Aquaculture Centre, AVA (Wang et al., 2008) . From each cross, 400 fry at the age of 2 dph were collected to analyse parentage to examine the contribution of brooders to offspring. DNA from each fry was extracted on 96-well PCR-plates using a rapid and cost-effective method developed in our lab previously (Yue & Orban, 2005) . All handling of fish was conducted in accordance with the guidelines on the care and use of animals for scientific purposes set up by the Institutional Animal Care and Use Committee (IACUC) of the Temasek Life Sciences Laboratory, Singapore. The IACUC has specially approved this study within the project "Breeding of Asian seabass" (approval number is TLL (F)-12-004).
2.2. Multiplex-genotyping of microsatellites and parentage analysis to determine the parental contribution to offspring Parentage analysis was conducted for all three mass-crosses using nine microsatellites Lca008, Lca020, Lca021, Lca058, Lca064, Lca069, Lca070, Lca074 and Lca098) (Liu et al., 2012; Zhu et al., 2010) in a multiplex-PCR using the software PAPA (Duchesne, Godbout, & Bernatchez, 2002) as described previously (Wang et al., 2008) . Briefly, PCR was conducted for nine microsatellites in a multiplex PCR as described previously (Zhu et al., 2010) . PCR was performed in a volume of 25 mL consisting of 10 ng of genomic DNA, 1 Â PCR buffer with 1.5 mM MgCl 2 , 0.05e0.8 mM of each primer of the nine microsatellites, 25 mM of each dNTP and 1 unit of Taq DNA Polymerase (Fermentas, PA, USA). The following PCR program was used to amplify the nine microsatellites simultaneously: 94 C for 2 min followed by 36 cycles of 94 C for 30 s, 55 C for 30 s and 72 C for 45 s, then a final step of 72 C for 5 min. Genotyping of microsatellites was carried out on a capillary DNA sequencer ABI 3730xl (Applied Biosystems, CA, USA). The Rox-500 size standard was used to estimate the allele size at each microsatellite using the software GeneMapper 5.0 (Applied Biosystems, CA, USA). Genotypes at the nine markers were exported for parentage analysis using PAPA. For parentage analysis, we use the most stringent parameters (i.e. error ¼ 0) to ensure correct assignment.
Examining cannibalism and determining whether there is kin discrimination in cannibalism
The offspring of the three mass-crosses mentioned above were used to examine cannibalism and determine whether there is kin discrimination in fish cannibalism. The reason for the use of mass crosses to examine whether there is kin discrimination in cannibalism is that mass crosses reflect the real situation in the production of Asian seabass in hatcheries. At the age of 30 dph, 4800 juveniles at the same age from each mass cross were taken from the original tanks where the fish were cultured. These 4800 juveniles from each mass cross were split into two other tanks (volume: 1-ton). These 2400 juveniles/tank were fed on sized pellets (INVE, PHICHIT, Thailand) to satiation twice (9:00 a.m. and 5:00 p.m.) daily for six days. At 5:00 p.m. on the 6th day, due to loss of some juveniles by cannibalism and death, only 2000 fish were kept in each tank. At 36 dph, the fish in the two tanks were not fed. At 1:00 p.m., the fish (Group 1) in one tank were anaesthetized using Aqui-S (Aqui-S, Lower Hutt, New Zealand) following the supplier's instructions. The number of fish was counted. Fish eating other fish were checked by dissecting the stomachs of the predators. Fin clips of the predators were collected and stored in 75% ethanol. One prey in the stomach of each predator was collected by dissecting stomachs. To avoid potential contamination of the predators, we rinsed the collections from the stomachs using PBS buffer. After the rinse, we stored the collections from the stomachs in 75% ethanol. At 5:00 p.m., the fish (Group 2) in another tank were treated in the same way as in the first tank. Fin clips and prey in the stomachs of the predators were collected as described above. DNA was isolated as described previously (Yue et al., 2009) .
Parentage assignment was conducted as described above. Percentages of full-sib, half-sib and non-kin cannibalisms under slightly (Group 1) and very hungry (Group 2) conditions were directly calculated based on the number of full-sib, half-sib and non-kin cannibalisms deduced from molecular parentage analysis. The difference between the rate of each type of cannibalism under slightly hungry conditions and that under very hungry conditions was analyzed with F-test implemented in the software SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). Pairwise differences of percentages of different types of cannibalism were analyzed with the Chi-square test. The relationships between the family size and the number of cannibals/preys from different families were analyzed using linear regression using Microsoft Excel (2013).
Sampling skins, isolating RNA and sequencing transcriptomes
To analysis of gene expressions in the skins of fish in slightly and very hungry groups, a batch of offspring from a mass-cross among 10 male breeding fish and 10 female breeding fish was used. In the feeding group, offspring at the age of 36 dph were fed on sized pellets (INVE, PHICHIT, Thailand) to satiation at 9:00 a.m. and 5:00 p.m., while in the non-feeding group, the offspring were not fed. Four and 8 h after 9:00 a.m., four fishes were taken out from the two groups respectively. The skin of each fish was isolated and put into tubes containing Trizol (Invitrogen, CA, USA) for RNA isolation. The samples from the feeding group were used as control. Total RNA from the skin was isolated using the Trizol kit (Invitrogen, CA, USA). The quality of total RNA was assessed using the 2100 Bioanalyzer (Agilent, CA, USA). Total RNA from three fishes at each time point was equally mixed. Four RNA samples (FS4 library, i.e. skin RNA from the feeding group fish at 4 h after the first feeding time at 9:00 a.m.; FS8 library, i.e. skin RNA from the feeding group fish at 8 h after the first feeding time at 9:00 a.m. and 0 h after the second feeding at 5:00 p.m.; US4 library, i.e. skin RNA from the nonfeding fish at 4 h after 9:00 a.m.; US8 library, i.e. skin RNA from the non-feeding fish at 8 h after 9:00 a.m.) were submitted to Macrogen (Seoul, Korea) for RNA sequencing. Ribosomal RNA was removed prior to sequencing. For each sample, 2 Â 101 bp paired-end sequencing was performed using Illumina Hiseq 2000. The RNAseq data have been deposited in the DNA Data Bank of Japan (accession no. DRA001172).
De novo assembly of the skin transcriptome for the Asian seabass
Paired-end Illumina raw reads were processed to filter the low quality reads and adaptors using NGS QC Toolkit with default parameters (Patel & Jain, 2012) . The de novo assembly was then performed using the generated high quality reads and the program SOAPdenovo-Trans (http://soap.genomics.org.cn/soapdenovo. html/). To determine a suitable k value for assembly, multiple runs were performed with different k-mers (35e80). A k-mer of 71 that produced the best N50 in the de novo assembly was selected for the assembly.
Sequence annotation and differential expression analysis
Singletons and contigs from the transcriptome de novo assembly were blasted against Ref_protein and Refseq_RNA databases retrieved from the NCBI database using the Blastn or Blastx algorithm (ver.2.2.25þ) with an E-value threshold of E À5 .
To identify DEG genes, the Illumina reads were first mapped to the de novo assembly (!100 bp) using bowtie 2. The mapping results were then analyzed to identify differentially expresed genes (DEGs) between different samples (US4 and FS4; US8 and FS8; FS8 and FS4; US8 and US4) by the program NOISeq-sim (Tarazona, García-Alcalde, Dopazo, Ferrer, & Conesa, 2011) with parameters set to defaults. Normalization was conducted using the RPKM method.
qRT-PCR analysis of gene expressions
Quantitative RT-PCR (q-PCR) was performed to confirm the gene expressions revealed by RNA-seq. Around 1 mg of DNase I-treated total RNA for each individual was reverse transcribed to cDNA by M-MLV reverse transcriptase (Promega, Madison, USA) with random hexamer primer as RT primer following the manufacturer's protocol. The resulting single-strand cDNA was used as DNA template for qPCR using primers (Supplementary Table 1 ) for 26 genes from the RNA-seq data. The EF1A gene was used as the control (Xia, He, Bai, Lin, & Yue, 2011) . PCR in triplicates was performed with the KAPA™ SYBR ® FAST qPCR Kits (Kapa Biosystems, Boston, USA) as suggested by the manufacturer, and an iQ5 PCR-machine (Bio-Rad, CA, USA). The DDC T method was used for the analysis of the gene expression, and the values of triplicate RT-PCR reactions were normalized to EF1A gene expression .
Results and discussion
3.1. Parental contribution to offspring in three mass-crosses of Asian seabass
In the three mass crosses (MC1, MC2 and MC3), over 96% (i.e. 384/400, 394/400 and 396/400) of offspring were assigned to unique parent pairs (Table 1) . These data suggest the high power of the nine microsatellites for parentage assignment in Asian seabass. These microsatellites have also been used by other labs for parentage analysis (Domingos et al., 2014; Domingos et al., 2013) . Our molecular parentage analysis revealed that 90.0%, 95.0% and 56.7% of parents produced offspring in MC1, 2 and 3, respectively (Table 1) . Also, 47, 46 and 28 families produced offspring in MC1, 2 and 3 respectively. However, the number of offspring in each family varied substantially (Table 1) . For example, in MC1, one of the pairs (male 10 and female 2) produced 49.2% (189/384) of all offspring, whereas in MC2, one of the pairs (male 4 and female 2) produced 13.2% (52/394) of all offspring. In mass crosses of marine fish species, uneven contribution of parents to offspring has been seen in a number of fish species, such as Asian seabass (Wang et al., 2008) , Japanese flounder (Sekino et al., 2003) and common sole (Blonk, Komen, Kamstra, Crooijmans, & van Arendonk, 2009 ). These results suggest that uneven contribution of parents to offspring is a common phenomenon in mass crosses of marine fish. If the mass crosses are used for selective breeding, the uneven contribution of parents could cause the reduction of genetic diversity in the next generation (Frost, Evans, & Jerry, 2006; Wang et al., 2008) . To avoid the substantial uneven contribution for selective breeding, artificial insemination and mixing of even number of fertilized eggs from different pairs should be applied. Another option to solve the problem is to use molecular parentage for assignment (Frost et al., 2006) .
Effect of starvation on juvenile cannibalism
We observed cannibalism in six tanks, where the 2400 Asian seabass juveniles in each tank were cultured for six continuous days (from 30 to 35 dph). Under the ordinary feeding scheme (i.e. feeding twice daily at 9.00 a.m. and 5.00 p.m.) without size grading, after 6 days, 168, 164, 168, 164, 134 and 132 fish were lost in these tanks due to cannibalism, respectively. The data indicate that within six days (i.e. from 30 to 35 dph), 6.46% ± 0.65% of offspring were lost due to cannibalism. This data means that 1.08% ± 0.01% per day of juveniles were lost per day from 30 to 35 dph due to cannibalism in Asian seabass. We are fully aware that the observation period of our experiments was only six days. Longer observation may generate more precise estimates of the rate of cannibalism under normal feeding schemes in Asian seabass.
We analyzed the rate of juvenile loss due to cannibalism under starvation. At 36 dph, cannibalism was observed in group 1 (i.e. without feeding for 20 h, i.e. slightly hungry) and group 2 (i.e. without feeding for 24 h, i.e. very hungry) of the three mass crosses. In the three mass crosses, in group 2, 2.30% ± 0.43% of the offspring per day were lost due to cannibalism, while the rate was 1.37% ± 0.15% per day in group 1. By comparing this data with that from the groups under the normal feeding scheme, we found that under starvation for 24 h, the rate of cannibalism was almost doubled (2.30% ± 0.43% per day vs. 1.08% ± 0.01% per day, P < 0.05). We found that hunger (without feeding for 24 h) substantially increased the rate of juvenile loss due to cannibalism. This phenomenon has been seen in other species (Smith & Reay, 1991) , indicating that to reduce the rate of cannibalism, a proper feeding scheme should be developed. Furthermore, in chickens, adding certain amount of lysine in feed reduced cannibalistic behavior (Van Krimpen et al., 2005) . In the marine fish, grouper (Epinephelus coioides), adding tryptophan in feeds also decreased cannibalism (Hseu et al., 2003) . Therefore, it is possible to reduce cannibalism of fish by adjusting feed components and feeding regimes.
Identification of the parents of the cannibals and preys in three mass crosses
By genotyping all brooders, and 24 cannibals and 24 preys in each of the two groups of offspring at 36 dph in each of the three mass crosses, we assigned each cannibal and prey from the two groups of each mass cross to their parents (Table 2 ). In group 1 (offspring without feeding for 20 h, i.e. slightly hungry), cannibals came from 9, 11 and 6 families in mass crosses MC1, 2 and 3, respectively. In group 2 (offspring without feeding for 24 h, i.e. very hungry), cannibals originated from 9, 12 and 13 families in MC1, MC2 and MC3, respectively. In group 1, the preys were from 17, 20 and 12 families in MC1, MC2 and MC3, respectively, while in group 2 of MC1, MC2 and MC3, the numbers of families were 14, 15 and 14, respectively. The number of cannibals and preys from different families were not associated with (P > 0.05) the family size of the offspring (Tables 1 and 2) . Table 1 Number of offspring at the age of 2 dph assigned to each family in three mass crosses (MC1, MC2 and MC3) of Asian seabass (Lates calcarifer). Sire  1  2  3  4  5  6  7  8  9  1 0  Total per sire   1  0  2  1  2  0  0  0  0  0  3  8  2  0  3 0  1  0  0  0  0  2  1  2  3 
MC1 Dam
Juvenile cannibalism and kin recognition in Asian seabass
We examined whether there was kin recognition in cannibalism by analyzing 24 cannibals and their preys in each mass cross using molecular parentage analysis. We found that the relationships between cannibals and preys were essentially similar in all three mass crosses (MC1, MC2 and MC3) as shown in Table 2 and Fig. 1 . In group 1 of the three mass crosses, cannibals ate more non-kin than kin (siblings and half-siblings). 76.40% of the cannibalism happened between non-kin individuals, 16.66% between half-siblings, and only 6.94% between siblings (Table 3 ). In group 2 of the three mass crosses, the data were 51.39%, 29.16% and 19.44% (Table 3) , respectively. The differences of percentages of different types of cannibalisms were statistically significant (P < 0.05). In all three mass crosses, the cannibals and preys came from many different families and there was no significant association between the family size and the number of cannibals and preys. Therefore, these data suggest that there is kin recognition in cannibalism in Asian seabass juveniles. This is the first report on kin recognition in fish cannibalism in aquaculture species. Based on Hamilton's kin selection theory, if all else is equal, individuals should preferentially direct harmful behavior away from their kin (Hamilton, 1964) . Individuals in cannibalism, by not eating their kin, may provide direct Table 2 Detailed information about the parents of 24 cannibals and their preys at the age of 36 dph in each of the three mass crosses (MC1,MC2 and MC3) of Asian seabass. Group 1: Juveniles without feeding for 20 h and Group 2: Juveniles without feeding for 24 h. The numbers in [ ] are the identity of the parents of the cannibals and preys. The first number represents the sire while the second number is the mother.
MC1
MC2 MC3 Fig. 1 . Numbers of sibling, half-sibling and no-kin individuals in 24 cannibalized Asian seabass offspring under slightly (Group 1) and very hungry (Group 2) conditions in three mass-crosses (MC1, MC2 and MC3) at 36 days post hatch, respectively.
Table 3
Percentages (mean ± SE) of different types of cannibalism in juveniles of Asian seabass at 36 days post hatch in two groups under slightly (group 1) and very hungry (group 2) conditions. Group N Sibling cannibalism (%) Half-sibling cannibalism (%) Non-kin cannibalism (%) P-value N: Number of observations (i.e. mass crosses); and different superscripts on the numbers in each row and column represent significant differences (P < 0.05). benefits to their close relatives and avoid a high loss of inclusive fitness (Pfennig, 1997) . Therefore, raising genetically closely related offspring in the same tanks may reduce the rate of cannibalism in Asian seabass. However, in our study, we also found that kin cannibalism was not fully avoided. In some animals, food limitation is a major factor promoting sibling cannibalism (Pfennig, 1997) . We believe that incomplete avoidance of sibling cannibalism in Asian seabass may also be related to the hunger state and other factors, such as body size, proportion of juveniles from different families.
Since in group 1, the juveniles were not fed for 20 h, the fish may have been already somewhat hungry. The hunger may limit their ability to differentiate siblings from non-siblings. Therefore, feeding scheme could be critically important to reduce the rate of cannibalism. Certainly, it is also possible that the kin recognition is related to the body sizes of offspring from different families and other unknown factors. Cannibals came from the families with big offspring and prey from families producing smaller offspring. However, using current data from our breeding populations, we were not able to address this issue as we did not genotype all 6000 offspring from all families and did not measure the size of each offspring at 36 dph. Further studies on this issue by genotyping and measuring the sizes of offspring from different families are required. It could be also interesting to find out the chemical cues which caused kin recognition.
Identifying potential genes involved in kin recognition
What could enable the seabass juveniles to discriminate their siblings from the complex neighbors? Chemical or peptide cues which could be recognize by fish might play roles in this behavior (Mehlis, Bakker, & Frommen, 2008) . We hypothesized that the cues for sibling recognition were secreted by the skins of fishes, and analyzed the data of fish skin RNA-seq at 4 h and 8 h after first feeding in the feeding and non-feeding groups. A total of 486,355,530 raw sequencing reads with a maximum length of 101 bp were generated by sequencing 4 cDNA libraries. The highquality reads generated are available at the NCBI SRA browser. The sequencing reads were assembled with the software Soap denovo-Trans, and produced a total of 127,865 unique sequences, including 35,944 scaffolds and 91,921 singletons. The average size of unique sequences was 1281 bp and the N50 size was 3041 bp. Among the 127,865 unique sequences, 58,418 were annotated (Supplementary Table 2 ), the remaining were unknown.
After mapping the original reads to the de novo assembly with bowtie 2, we analyzed DEGs (different expression genes) between US4 and FS4 (US4-FS4), US8 and FS8 (US8-FS8), US8 and US4 (US8-US4) and FS8 and FS4 (FS8-FS4), using the software NOISeq (Fig. 2C and D and Fig. 2E and F) . The number of DEGs was 4,857, 1,672, 1005 and 2229 (Fig. 3A) between US4 and FS4, US8 and FS8, US8 and US4, as well as FS8 and FS4, respectively. We found that some genes were differently expressed in all conditions (Fig. 3A) . A gene is considered to be differentially expressed if the corresponding M and D values are very likely to be higher than noise values (22). A total of 106 DEGs were found to be regulated in all conditions (Fig. 3A) . Among these 106 DEGs, seven genes were in MHC (Supplementary Table 2 ). Our data suggest that in fish, besides genes in MHC (Manning, Wakeland, & Potts, 1992) , other genes play a role in discrimination of kin. We found that the trypsin family, represented by 25 DEGs, had the same regulation regularity in all conditions (Supplementary Table 3 and Fig. 3B ). At feeding condition (or the normal condition), the expression level of these genes increased from 4 h to 8 h (Fig. 3B) , while in the hungry state, the tendency was opposite (Fig. 3B ). In qPCR of these genes, the changing tendency of expression level at 4 h and 8 h under feeding and hungry conditions was the same as revealed by RNA-seq (Fig. 3C) . These results indicate that in hungry fishes, expressions of the trypsin gene family in skins were substantially reduced. In addition, eight DEGs showed the same expression tendency as the trypsin gene family. These genes were C437551, Contig8455, Contig29762, Contig30687, Contig30727, Contig3053, C514037 and C437907 (Supplementary Table 3 ). Since the hunger decreased the ability of sibling recognition, we regarded the 25 genes in the trypsin gene family and 8 more genes as the factors involved in kin recognition. In insects and mammals, pheromones play an important role in kin recognition (Li & Zhang, 2010; Richard & Hunt, 2013) . Trypsin is an enzyme that generates peptide pheromones (Darnell & Rittschof, 2010) . Therefore, it is highly possible that chemical or peptide signals generated by trypsin in skin may play a role in kin recognition in cannibalism in Asian seabass. It is well known that trypsin is a serine protease that is abundant in the digestive tracts of diverse vertebrate animals including teleost fish; the main function of trypsin is catalyzing protein hydrolysis and, as such, facilitates protein absorption through the intestine. In the absence of food, trypsin production is expected to reduce, as a natural response to starvation. Therefore, more studies on functions of the identified differentially expressed genes, especially these from the trypsin family should be performed in the future to reveal the roles of these genes in kin recognition. On the other hand, we should not rule out the roles of other DEGs in kin recognition in kin recognition. It is also necessary to study whether olfactory factors (Hepper, 1986) in the brain play a role in kin recognition.
Conclusions
The rate of juvenile loss due to cannibalism in Asian seabass was 1.08% per day under normal feeding scheme without grading, whereas the rate was 2.30% ± 0.43% per day in offspring without enough feeding. Juveniles avoided cannibalizing their siblings when they were not very hungry, but they ate siblings when they were hungry. RNA-seq revealed that genes from the trypsin family were significantly drown-regulated in the skin, suggesting that they may play a role in kin discrimination in cannibalism of Asian seabass juveniles. However, we should not rule out the roles of other DEGs in the skin in kin recognition. By combining technologies in feed nutrition and RNA sequencing technologies, it is possible to elucidate the molecular mechanism underlying fish cannibalism and to find ways to reduce cannibalism in aquaculture.
